Abstract
Introduction

52
Lightning nitrogen oxide (LNO) is produced by the intense heating of air molecules 53 during a lightning discharge and subsequent rapid cooling of the hot lightning channel 54 (Chameides, 1986). Since NO and NO2 are often coexistent in equilibrium after immediate 55 release, they are often collectively referred to as nitrogen oxides (NOX; NOX = NO + NO2). NOX 56 produced by lightning flashes is referred to as lightning NOX (LNOX) in the literature. As one of 57 the major natural sources of NO, LNO is mainly produced in the middle and upper troposphere.
58
It plays an essential role in regulating ozone (O3) mixing ratios and influences the oxidizing its associated impact on atmospheric chemistry will increase. As a result, it is important to 66 include LNOX even when modeling ground-level air quality and the interaction of air-surface 67 exchange processes.
68
To simulate the amount of LNO production in space and time in a chemical transport performance with the various schemes will be presented.
115
Section 2 of this paper provides the data description and model configurations. Section 3 116 describes the existing and updated LNO schemes in CMAQ that are based on the NDLN data. 
NLDN data
124
The observed lightning activity data were obtained from the National Lightning 
where nT is the total time steps, and nC is the total grid cells. Ratio_NLDN2CP is the ratio of the 
where CLNO is the moles of NO, and Ratio_NLDN2CP x LTratio x Ocean_factor is the 196 lightning yield per unit CP. 
where is the sigma value of the layer, psfc is the surface pressure, and ptop is the pressure at 209 the top of the model domain.
210
At each pressure level (p), the standardized Gaussian parameter (x) is calculated as:
where WMU is the mean value of the distribution (either 600 hPa or 350 hPa), and WSIGMA is 213 the standard deviation of the distribution (either 50 hPa or 200 hPa).
214
Then the fraction of the column emissions at the pressure p is calculated by the following 215 distribution function:
where SIGN is a function that produces 1.0 if x >= 0, and -1.0 otherwise.
where W is the weight at a model layer, BottomFrac and TopFrac are the fractional contribution respectively. Ideally, W would match the vertical profile presented in Figure 1 by Allen et al.
226
(2012) and the sum of W at all the layers is equal to 1. In the current CMAQ configuration, F1=1 227 and F2=0.2.
228
Finally, the LNO at each layer is:
where LTEMIS(L) is the LNO at layer L, W(L) is the weight at layer L as calculated by 231 Equation (7), and CLNO is the total column LNO. 3.3 Updates to the lightning module and the LNO production scheme 233 As described above, the LNO production scheme, mNLDN, calculates CLNO using scaled 
Stability over time
304
A robust parameterization scheme should be relatively insensitive to the training time period.
305
In order to test this, the lightning yield (slope of the linear and log-linear regression was re- that the parameters need to be updated to include the most recent data available.
314
To test the sensitivity of LNO to the parameters derived from different time periods, Figure 7 315 shows the total monthly column LNO for 2011 and 2013 generated using different set of 316 parameters derived using linear regression from different time periods, and for comparison, the 317 LNO produced by the updated NLDN based scheme, hNLDN, described in Section 2 is also 
Sensitivity to logarithmic scales
327
As discussed earlier, the log-linear regression between NLDN lightning flashes and CP 328 produced better correlation coefficients than the simple linear regression. We also noticed, 
Assessment of LNO production schemes
349
As a preliminary assessment of these LNO production schemes, we only investigate the 350 distribution of column LNO in time and space; a more detailed evaluation of the impact of these 351 schemes on air quality will be presented in a subsequent study. comparable results to hNLDN except that for the first few days of the month, LNO was 368 overestimated by pNLDN. In addition, the day-to-day variance generated by pNLDN seems 369 smaller compared with hNLDN for both years.
370
The spatial distributions of monthly total column LNO produced by each of the three 371 schemes over the contiguous United States for July 2011 and July 2013 are presented in Figure   372 11. Overall, the spatial patterns generally agree with each other for both years with pNLDN 
Summary and discussions
383
In this study, we described the LNO production schemes in the CMAQ model's lightning here may not hold under changing climate conditions.
392
Large uncertainties are still associated with each of these schemes resulting from the various 393 assumptions common to all the LNO production schemes, e.g., the uniform NO production rate 394 per flash, the IC/CG ratios, the difference of LNO production rates over land and ocean, and 
